Background: The severity and predictability of acute chest syndrome (ACS) varies among patients with sickle cell disease. In our study we analyze whether the pathology identified in the first chest radiograph predict the course severity of ACS.
Introduction
The sickle cell gene is present in approximately 8% of the African American (AA) population in the United States and the incidence of sickle cell disease is 1 in 625 in AA in the USA. The most common forms of the disease is the homozygous sickle cell anemia (S/S), but double heterogeneous states such as sickle-thalassemia (S-β 0 Thalassemia) can be equally affected. The genetic etiology of this disease is substitution of the amino acid valine with glutamic acid in the sixth position of the β-chain of the hemoglobin tetramer. The amino acid substitution causes the red blood cell to sickle and elongate upon deoxygenation. This leads to microvascular obstruction, tissue ischemia, and infarction. These patients suffer of multi-organ damage including the thoracic organs. Death from homozygous sickle cell anemia usually occurs in a bimodal distribution between birth and 5 years of age with a second peak during the 20 to 25 year age range [1] [2] [3] [4] . Acute chest syndrome is the leading cause of hospitalization and death among patients with sickle cell disease.
Acute chest syndrome is an acute pulmonary disease that occurs in patients with sickle cell disease. Acute chest syndrome is defined as a new infiltrate on chest radiograph in conjunction with one other new symptom: chest pain, cough, wheezing, tachypnea, and/or fever [5, 6] . The term ACS was first suggested in 1979 by Charache et al [7] and reflects the unique nature of the disease. The chest radiograph remains the cornerstone diagnostic test for ACS syndrome. The chest radiograph reveals a new infiltrate most often involving the lower lobe, but any lobe can be affected. Multilobar involvement is also common, and effusions can be present [8] [9] [10] . The severity of ACS varies among patients with sickle cell disease. The course of the disease is unpredictable upon admission. Many patients with ACS deteriorate after admission and require treatment in the intensive care unit. Patients suspected of having ACS had a chest radiograph upon admission. In our study we analyzed whether the chest radiograph could predict the course severity of the disease. Ability to predict severity may affect clinical management, shorten hospital stay, and be more cost-effective.
Methods
Following approval from the institutional review board, we performed a retrospective review of the medical records and chest radiographs of 63 patients with homozygous sickle cell disease who were admitted to our institution with ACS. Some of the patients had more than one admission for ACS. For patients with multiple episodes, the interval between episodes studied was at least six months. Two radiologists independently reviewed the first chest radiograph performed on admission day. The clinical severity of the disease course is subjective, and assessment of severity may differ among care providers. In order to standardize the clinical severity of ACS, we established three categories based on the following parameters: length of admission more than three days, presence of hypoxia, intensive care unit stay, and need for intubation. Receiver operating curve in category 1 of severity. The curve was generated with the different threshold levels as defined in the methods section in the entire group of 79 patients. The estimated area under the curve is 0.67028 (above 0.5) confirming that chest radiograph is a valid test to predict severe outcome as defined in category 1. We classified Category 1 as the most severe course of the disease. It was defined by the presence of either intensive care unit stay and/or intubation. Category 2, intermediate severity, was defined as the presence of hypoxia in addition to hospital stay more than three days. Category 3, the least severe course was defined as the presence of hypoxia or hospital stay more than three days. All our patients were classified in one of these categories.
We examined the admission chest radiograph of each encounter for correlation with disease severity based on the categories described above. Further radiographs after the day of admission were not studied.
We assigned each radiograph to one of these four cut-off levels. Level 1 was defined as complete whiteout of the lungs or consolidation in any lobe with existence of pleural effusion (Fig.1) . Level 2 was defined as consolidation in 4 lobes (Fig. 2) . Level 3 was defined as consolidation in 3 lobes (Fig.  3) and level 4 as consolidation in 2 lobes (Fig. 4) .
In order to identify whether findings on admission chest radiograph were more predictive of severity in one age group than another, we divided our patients into three groups according to age. The groups were as follows: Group 1 -below 3 years of age (17 episodes of ACS; 14 patients; mean age: 23.7 months); Group 2 -between 3 and 6 years of age (24 episodes of ACS; 21 patients; mean age: 51.6 months); and Group 3 -above 6 years of age (38 episodes; 28 patients; mean: 106.6 months; max: 206 months).
We evaluated every severity category and age groups for sensitivities, specificities and the receiver operating curve to establish whether the first chest radiograph predicted clinical severity.
Results
The sensitivity of the chest radiograph to predict severity classified as category 1 for the age group below 3 years was 100% and the specificity was 42% ( Table 1) .
The sensitivity of the chest radiograph to predict severity classified as category 1 for the age group between 3 and 6 years was 78% and the specificity was 40% ( Table 2) .
The sensitivity of the chest radiograph to predict severity classified as category 1 for the age group above 3 years was 83% and the specificity was 75% (Table 3) .
The total sensitivity of the severity category 1 was 84% and the specificity 55% (Table 4 ). Receiver operating curve (Fig. 5) for the entire 79 cases in severity category 1 reveals area of 0.67028 under the curve; sensitivity is 84% specificity 55%.
The sensitivity of the chest radiograph to predict severity classified as category 2 for the age group below 3 years was 85% and the specificity was 66% (Table 5) .
The sensitivity of the chest radiograph to predict severity classified as category 2 for the age group between 3 and 6 years was 68% and the specificity was 66% (Table 6 ).
The sensitivity of the chest radiograph to predict severity classified as category 2 for the age group above 3 years was 72% and the specificity was 74% ( Table 7) .
The total sensitivity of the severity category 2 was 72% and the specificity 58% (Table 8) . Receiver operating curve Figure 6 . Receiver operating curve in category 2 of severity. The curve was generated with the different threshold levels as defined in the methods section in the entire group of 79 patients. The estimated area under the curve is 0.64268 (above 0.5) confirming that chest radiograph is a valid test to predict severe outcome as defined in category 2. (Fig. 6) for the entire 79 cases in severity category 2 reveals area of 0.64268 beneath the curve.
The sensitivity of the chest radiograph to predict severity classified as category 3 for the age group below 3 years was 91% and the specificity was 67% ( Table 9) .
The sensitivity of the chest radiograph to predict severity classified as category 3 for the age group between 3 and 6 years was 69% and the specificity was 100% (Table 10 ). Receiver operating curve in category 3 of severity. The curve was generated with the different threshold levels as defined in the methods section in the entire group of 79 patients. The estimated area under the curve is 0.72195 (above 0.5) confirming that chest radiograph is a valid test to predict severe outcome as defined in category 3. The sensitivity of the chest radiograph to predict severity classified as category 3 for the age group above 3 years was 65% and the specificity was 89% (Table 11) .
The total sensitivity of the severity category 3 was 71% and the specificity 81% (Table 12 ). Receiver operating curve (Fig. 7) for the entire 79 cases in severity category 3 reveals area of 0.72195 beneath the curve.
Discussion
Our results show that admission chest radiograph is a good predictor for clinical severity of acute chest syndrome. For the severity categories 1 and 2 the sensitivity exceeds specificity, while in the category 3 the specificity exceeds the sensitivity. This may be explained by the less restrictive criteria for severity in category 3, leading to more false negative results. In all the three categories the ROC curve is above the mean and the area beneath the curve above 0.5, suggesting that the chest radiograph is a reliable test.
Due to tighter definition for severe course of disease, the prevalence of the severity in category 1 is the lowest. Nevertheless, the sensitivity of the test is the highest. A low number of patients with severe course of disease increases the false positive rate and decreases the specificity. The specificity increases in category 2 and in category 3 with looser definition of the disease severity; however, the sensitivity does not significantly decrease.
We divided each category of severity into three age groups, but we could not make any significant statistical analysis for each group separately, due to the small sample size. Sensitivity and specificity for each age group is specified and is in the reasonable range.
In a previous study [11] , 48% of pediatric chest radiographs of patients with sickle cell disease admitted to the emergency department were normal. Our study included only pediatric patients who met the defined criteria of acute chest syndrome with an infiltrate in the chest radiograph and who were hospitalized.
We did not perform statistical analysis of other structures in the chest radiograph, since they are not part of the defined acute chest syndrome. However, we did not observe any osseous changes in the majority of our patients, such as H-shaped vertebrae or vascular necrosis of the femoral head. This conforms to a study [12] that suggested that these findings usually increase with age. These findings were found in an adult cohort to be a result of the more prolonged exposure to anemia and skeletal vascular occlusion.
In the majority of our patients there was a lower lobe infiltrate. This also conforms to a study [13] that documents lower lung zone air-space opacity in 64.8% of the studied patients. Although cardiomegaly was noticed in some of our patients, it was not analyzed. The lung opacity in few of our patients could have been attributable to congestive heart failure; however, this does not change the diagnosis of acute chest syndrome. Both adult and pediatric patients with sickle cell disease develop cardiomegaly at a relatively early age. Cardiomegaly and pneumonia are the most common findings at autopsy in sickle cell patients [14] .
The etiology of acute chest syndrome is unclear. In a previous study [15] , no identifiable cause was found in 87% of episodes. An identifiable etiology was found in only 13% of patients, usually bacterial pneumonia [15] . Etiology may be due to fat embolism, infection, intravascular thrombosis, hypoventilation, over hydration, and an altered environment for adequate chemical oxidation and reduction [16] .
The management of Acute Chest Syndrome encompasses a multimodal approach. The potential for infection should be addressed with broad-spectrum antibiotics including mycoplasma coverage. Any degree of dehydration should be addressed by replacing the fluid deficit giving maintenance fluid plus insensible loses. The tachypnea, hypoxia, and anemia should be addressed by bronchodilators, oxygen therapy, and early transfusion. Some patients may require respiratory support with non-invasive mechanical ventilation or intubation.
Our study showed that patients presenting with multiple lobe involvement had a worse course. These patients might benefit from more aggressive intervention that may include consultation with the intensive care unit and exchange transfusions. Our study suggests that prediction of disease severity based on admission chest radiograph may be a useful tool allowing intervention early in the disease course to prevent clinical deterioration and shorten length of stay.
